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COUPLED DATA ASSIMILATION (1)
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general issues 
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Oceanic DA
x = [xA, xI, xO]TState Vector:
xA
xO
xI
Prior (background) cost:
Jb =
1
2
(xb − x)T B−1 (xb − x)
Likelihood (observational) cost:
Jobs =
1
2
(y − H[x])T R−1 (y − H[x])
xa = min
x
Jb + JobsStrongly  Coupled Analysis
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COUPLED DATA ASSIMILATION (2)
Strongly Coupled Analysis seems simple and straightforward to implement!
Why? 
1. Dimension of  (3-D atm, ocn + 2-D int) 
2. Covariance model for   
3. Sparsity of observations (ocn, int: surface) 
x
B
y B =
BAA BAI BAO
BIA BII BIO
BOA BOI BOO
Alternatively (or iteratively), solve for :
Component states (atmosphere, ocean, …) separately  
Use already existing analyses    
 Different flavors of weakly (not strong!) coupled analysis 
 Which component is solved 1st? Atmosphere        or Ocean       ?  
 How is the interface state        handled?  
 How realistic are the cross-correlations:                         ;
xA xOxI
BAO,BAI,BOI H[ ⋅ ]
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COUPLED DATA ASSIMILATION (3)
At the GMAO, we acknowledge the (future potential/need for) Strongly 
Coupled Analysis…
As a first step, our first Coupled Analysis will be (weakly) coupled via 
interface state variables: 
Sea Surface Temperature (Skin SST)
Sea Surface Salinity (Skin Salinity)
Sea Ice, etc
All developments will naturally carry over to the future work
Ts
Ss
AIR-SEA INTERFACE
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THE COUPLED BOUNDARY LAYERS AND AIR-SEA TRANSFER 
EXPERIMENT IN LOW WINDS (CBLAST-LOW) 
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Observations from a suite of platforms deployed in the coastal ocean south of Martha’s 
Vineyard are being combined with numerical models and simulations to investigate the 
processes that couple the atmosphere and ocean in low to moderate wind conditions. 
 
The need to better understand and model 
the interdependence of the ocean and 
atmosphere has long been recognized in the 
climate and weather communities.  Work has 
been carried out to investigate how the upper 
ocean responds to the atmosphere, leading to 
1-D models of upper ocean response to the 
atmosphere (e.g., Kraus and Turner, 1967; 
Price et al., 1986) and more recently to fully 
three dimensional (3-D) ocean boundary layer 
(OBL) models employing closure schemes 
similar to those used in the atmospheric 
boundary layer (ABL; e.g. Mellor and 
Yamada, 1982; Large et al., 1994).  However, 
progress on fully two-way coupled models has 
been slower, particularly on shorter, weather-
related, timescales.  
There are a number of reasons for this, 
e.g., the dynamics of the coupled marine 
boundary layers are driven by a myriad of 
processes (Fig. 1) that impact the exchange of 
momentum, heat and mass.  However, the 
parameterizations required to simulate these 
processes contain too much uncertainty, and 
oceanographic models of the ocean surface are 
not sufficiently advanced to provide the 
necessary surface boundary conditions.  
Additionally, observations of the marine 
environment lack the necessary temporal and 
spatial resolution required to initialize these 
models.  As a result, there has been 
insufficient evidence that the inclusion of a 
dynamic ocean would improve 3-5 day 
atmospheric forecasts.   
 
Figure 1.  A few of the physical processes governing air-sea 
exchange across the coupled boundary layers. 
DOI:10.1175/BAMS-88-3-341 
Interface 
is  
complicated!
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CURRENT STATUS (1)
http://ghrsst-pp.metoffice.com/
OSTIA SST
NSIDC
AQUARIUS 
SSS 
https://aquarius.umaine.edu/cgi/gal_salinity.htm
 7
http://ghrsst-pp.metoffice.com/
OSTIA SST
NSIDC
AQUARIUS 
SSS 
https://aquarius.umaine.edu/cgi/gal_salinity.htm
But there are NO sensors to observe at these resolutions!
• How real are these data products?  
• Do they capture all the scales of motion at which they are released 
(OSTIA SST “resolution” 0.05 deg)
• These are daily (w ekly-SSS) products, but surface moves FAST!
• They are NOT observations!
CURRENT STATUS (2)
 8
SST OBSERVATIONS (1)
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SST VARIABILITY 
2- 4oK
climate Impact
Woods and Barkmann, 1986]. Surface temperature devia-
tions greater than 3.0 K, referenced to subsurface temper-
atures below the extent of surface heating, are not uncommon
and may persist for hours [Kawai and Wada, 2007; Minnett,
2003; Yokoyama et al., 1995]. Even larger amplitudes of
diurnal warming (up to 4–6 K) have been reported in several
studies [Flament et al., 1994;Merchant et al., 2008; Stramma
et al., 1986; Ward, 2006]. Failing to account for a diurnal
cycle in (SSTs) leads to errors in determining surface fluxes
for numerical weather prediction (NWP) and climate models
[Webster et al., 1996; Woods et al., 1984]. Tropical atmo-
spheric circulation is sensitive to relatively small changes in
SSTs [Palmer and Mansfield, 1984; Shukla, 1998] as is local
atmospheric convection [Chen and Houze, 1997] and SST
variability in this region is important to understanding
climate change.
[6] There is increasing interest in including satellite-
based retrievals of SSTs in the historical record for
climate applications. Satellite data can provide much
needed measurements in remote or data-sparse regions
and often lead to a more realistic representation of the
spatial and temporal structure of seasonal and interannual
variability and an improved reconstruction of global
SST. NWP, climate, and mesoscale oceanography require
remotely sensed SSTs with an accuracy of 0.1–0.3 K
[GOOS Implementation Advisory Group (IAG), 1999].
Since diurnal warming of the ocean surface can reach
amplitudes of 3.0 K or more, an improved understanding
of diurnal warming is necessary to meet these temperature
accuracy requirements. Blending SST retrievals made at
different depths and different times of the day also
requires a model of diurnal variability [Donlon et al.,
2007]. Additionally, since diurnal warming affects the
temperature of the ocean surface which is in direct
contact with the atmosphere, improved estimates of diur-
nal warming will lead to better estimates of air-sea heat
and gas fluxes.
2. Background
[7] Stommel [1969] and Stommel and Woodcock [1951]
took some of the earliest measurements of diurnal warming
in the ocean. Profiles of upper ocean temperature were taken
with a bathythermograph in the Gulf of Mexico, in April
1942, revealing wave-like variations in the upper ocean heat
content. In March 1968, the R/V Chain deployed a number
of Salinity-Temperature-Depth (STD) profilers with the goal
of examining diurnal warming. The cruise took place in the
southwest North Atlantic Ocean. Insolation was measured
with an Eppley Laboratory pyrheliometer. By 9:30 Local-
Mean-Time (LMT), a diurnal warm layer was observed; it
continued to grow to 0.9 K by 14:15 LMT and then began to
decay. The depth of the diurnally heated layer extended to
12 m. Stommel reported classical cooling from the surface
where isotherms relaxed toward vertical and the warm layer
deepened until all evidence of the warm layer was erased.
Using the 1-D heat equation, he was able to roughly balance
the radiative forcing with observed heating in the warm
layer. Several other early measurements of diurnal warming
were also focused on calculating the heat content [Delnore,
1972; Halpern and Reed, 1976; Kaiser, 1978].
[8] Measurements have shown that the vertical profile of
diurnal warming in the upper ocean is highly variable
[Minnett and Ward, 2000; Ward, 2006] and therefore
models developed from in situ measurements at depth
may not fully describe the variability at the ocean surface
skin layer. The validity of both the theoretical and empirical
models in the skin layer has been explored by a limited
Figure 1. Schematic showing the upper ocean temperature profiles during the (A) nighttime or well
mixed daytime and (B) daytime during conditions conducive to the formation of a diurnal warm layer.
C08017 GENTEMANN AND MINNETT: OCEAN SURFACE DIURNAL WARMING
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Model the variation of Skin SST 
thermally stratification due to diurnal warming 
a thin cool-skin layer 
Direct radiance assimilation for Skin SST 
additional Infrared (AVHRR) satellite observations 
using radiative transfer model 
Operational since 01/2017
SKIN SST IN GEOS DAS (1)
= OSTIA SST + ΔTw − ΔTc
(ΔTw)
(ΔTc)
H[ ⋅ ]
Background error  
details follow…
Updates to Atmospheric Data Assimilation System (shared w/NCEP-EMC) 
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SKIN SST IN GEOS DAS (2)
Skin - OSTIA SST (K)
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Improved forecast skill in SH; 
diminishes with height
S Hem- 500 mb 
geopotential height 
S Hem- 1000 mb 
temperature 
Neutral in NH
SKIN SST IN GEOS DAS (3)
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The present article describes the sea surface temperature (SST) developments implemented
in the Goddard Earth Observing System, Version 5 (GEOS) Atmospheric Data Assimilation
System (ADAS). These are enhancements that contribute to the development of an
atmosphere–ocean coupled data assimilation system using GEOS. In the current quasi-
operational GEOS-ADAS, the SST is a boundary condition prescribed based on the OSTIA
product, therefore SST and skin SST (Ts) are identical.
This work modifies the GEOS-ADAS Ts by modelling and assimilating near sea surface
sensitive satellite infrared (IR) observations. The atmosphere–ocean interface layer of the
GEOS atmospheric general circulation model (AGCM) is updated to include near-surface
diurnal warming and cool-skin effects. The GEOS analysis system is also updated to directly
assimilate SST-relevant Advanced Very High Resolution Radiometer (AVHRR) radiance
observations.
Data assimilation experiments designed to evaluate the Ts modification in GEOS-ADAS
show improvements in the assimilation of radiance observations that extend beyond the
thermal infrared bands of AVHRR. In particular, many channels of hyperspectral sensors,
such as those of the Atmospheric Infrared Sounder (AIRS), and Infrared Atmospheric
Sounding Interferometer (IASI) are also better assimilated. We also obtained improved
fit to withheld in situ buoy measurement of near-surface SST. Evaluation of forecast skill
scores show neutral to marginal benefit from the modified Ts.
Key Words: SST; diurnal warming; AVHRR; coupled data sssimilation; NWP
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1. Introduction
Skin sea surface temperature (SST) is essential for atmospheric
data assimilation system (ADAS) because it is used to specify the
lower boundary condition over the oceans. The analysis needs
it for direct assimilation of satellite radiance observations, and
the atmospheric general circulation model (AGCM) uses it to
calculate important variables such as air temperature and air–sea
fluxes.
The skin SST in the Goddard Earth Observing System
(GEOS) ADAS (Rienecker et al., 2011; Bosilovich et al., 2015)
is specified based on already existing daily SST data products
(Reynolds et al., 2002, 2007; Donlon et al., 2012). However, the
near-surface temperature is complex and highly variable within
the day (Saunders, 1967; Fairall et al., 1996; Webster et al., 1996;
Soloviev and Lukas, 1997; Ward, 2006; Gentemann and Minnett,
2008). Daytime solar heating in calm wind conditions
leads to the formation of a diurnal warm layer and close
to the air–sea interface there is typically a cool skin
layer (Gentemann and Minnett, 2008, and references therein).
Radiometric (infrared and microwave) measurements and in situ
buoys close to the sea surface have the capability to observe these
changes (Donlon et al., 2002, 2007).
Prognostic models to simulate daily variation in skin
SST have been implemented in the European Center for
Medium-Range Weather Forecasts (ECMWF) AGCM by
Beljaars (1997), Zeng and Beljaars (2005) and Takaya et al.
(2010a). The Zeng and Beljaars (2005) model has been used
by Brunke et al. (2008) in the Community Atmosphere Model
version 3.1 (CAM3.1). Results from these models indi-
cate that they can realistically simulate the near-surface
observed temperature variations (Takaya et al., 2010a), and also
impact the model mean climatologies of precipitation, out-
going long-wave radiation (OLR), and latent and sensible
heat fluxes (Brunke et al., 2008). In addition to these prog-
nostic models, several diagnostic models (Fairall et al., 1996;
Published 2016. This article is a U.S. Government work
and is in the public domain in the USA.
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BACKGROUND ERROR FOR TS
Without the Ts model:
• For all ensemble members,
➡ Ensemble generated covariance 
Ts = OSTIA SST
Be(Ts) ≈ 0
B = [BAA 00 BII]Hybrid Analysis for Ts using :
✴ Deterministic (central): 
persistent, large-scale 
errors
✴ Probabilistic (ensembles): 
flow dependent, small-
scale errors
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Figure 2. Ts background-error correlation length-scales (shading, km) and standard deviation (contours with 0.05 ◦C interval) between ±60◦ latitudes. Values of
standard deviation range from zero over sea ice-covered regions to about 0.7 ◦C in regions of high variability, such as the Gulf Stream and Kuroshio Current regions.
Correlation length-scales vary between 400 and 900 km; land has been masked out.
on the assimilation of satellite observations, and withhold in situ
SST observations to passively monitor the OMB to diagnose any
systematic biases.
Satellite measurements in the IR (3.7–12µm wavelengths)
and MW (6–11GHz frequency) provide long-term, continuous
measurements of near-surface temperature (Donlon et al., 2007;
Castro et al., 2008; Hosoda, 2010). In GEOS-ADAS, analysis of
MWobservations in the SST relevant frequency range is currently
under development, and we do not consider them in this work.
AVHRR observations in the IR have been extensively used for
SST retrievals (May et al., 1998; Reynolds et al., 2007). Taking
advantage of their availability from the Environmental Modeling
Center (EMC), we added AVHRR Tb observations from both
NOAA-18 and Metop-A satellites to the GEOS-ADAS observing
system. Level 1B, global area coverage (GAC) ocean-only data
were obtained at a resolution of about 4km2; they include a cloud
mask and have information in three IR window channels (3B
centred around 3.7µm, and channels 4 and 5 at ≈ 11 and 12µm
wavelengths respectively). Due to solar contamination (Liang
et al., 2009), channel 3B (henceforth referred as channel 3)
daytime data is not used. The procedure for reading, spatial
thinning, observational scoring and quality control (QC) of the
data follows the treatment for any IR sounding observations
currently handled by GSI. Abundant precaution is taken to detect
clouds and to reject observations that are deemed to be affected
by them (Akella et al., 2016). Channel 3 is most sensitive to
skin temperature, therefore it has the most potential to drive the
Ts analysis increment. However, similar wavelength IR channels
(on other sensors) are currently inactive (i.e. not assimilated) in
the GEOS-ADAS and in general, it is challenging to assimilate
such observations because of the complexities in radiative transfer
modelling at such wavelengths (Chen et al., 2012). Nevertheless
we have attempted to conservatively assimilate observations from
this channel (as already mentioned, only at local night-time) by
having a smaller contribution to the 3D-Var cost function (and
its gradient), achieved by down-weighting the observational error
variance computed using the GSIQC procedure (Derber andWu,
1998; Akella et al., 2016). Approximately 36 000 observations are
available within a 6 h analysis window (in all three AVHRR
channels, and on both NOAA-18 and Metop-A satellites) after
thinning and scoring, about 35% observations are kept for
assimilation.
Due to errors in the satellite instruments and their calibration,
and also systematic errors in radiative transfer models, satellite
radiance data assimilation involves usage of a variational bias
correction (VarBC) procedure (Derber and Wu, 1998; Dee and
Uppala, 2009; Eyre, 2016). As all other satellite observations, the
AVHRR observations are also bias corrected using the VarBC.
The observational error standard deviation, σo is set to 0.60, 0.68,
and 0.72 K for channels 3, 4 and 5 respectively. These values are
chosen such that the AVHRR σo is lower than that specified for
other surface-sensitive IR observations.
3.3. Application of skin SST analysis increment
Using all the observations (regularly analyzed by GEOS-ADAS,
plus AVHRR) and background fields (section 3.1), we obtain
analyzed fields (Ts included). All analysis increments are applied
to theGEOS-AGCMusing the IAU approach (Bloom et al., 1996).
We apply the increments of upper-air and surface pressure fields
over all surface types (ice, land, water), but the Ts increment is
applied only over open ocean (where the fraction of water is equal
to 1).
4. Experimental set-up
The following additions to GEOS-ADAS:
(a) modelling of diurnal variations in SST in GEOS-AGCM,
(b) addition of AVHRR observations to the analysis system,
(c) usage of the analysis increment in skin SST by the AGCM,
are evaluated with the aid of the following experiments.
(i) CTL mimics the current quasi-operational configuration
of GEOS-ADAS with a 3D-Var DA. It uses OSTIA SST
for skin SST and AVHRR observations are not assimilated.
The analysis increment in Ts is ignored in the AGCM
integrations.
(ii) AVH is like the CTL, but it adds AVHRRdata fromNOAA-
18 and Metop-A to the analysis system. Here the model
continues to ignore the Ts analysis increment.
(iii) tSkin is similar to the CTL and does not assimilate AVHRR
data. But it has the skin SST model turned on. Therefore
the model produced diurnal warming and cool skin are
used to compute Ts, which is then used by the CRTM. The
Skin SST model used the KPAR (9) for computation of the
penetrating shortwave radiation. TheTs analysis increment
is ignored by the model.
(iv) Assim Kpar uses the skin SST model, configured as in
tSkin. In addition it assimilates the AVHRR observations.
The CRTM uses T(zob) (given by Eq. (10)) with the values
of zob for all IR and MW instruments given in Eq. (11).
Here the analysis increment in Ts is used by the AGCM
through IAU. This experiment, therefore, implements all
items (a)–(c) above.
(v) Assim Sol82 is like Assim Kpar, but uses the three-band
Soloviev (1982) short-wave absorption model instead of
the KPAR based SWPEN.
(vi) Assim PS81 is like Assim Kpar, but uses the modified
version of Paulson and Simpson (1981) nine-band short-
wave absorption model from Gentemann et al. (2009).
Published 2016. This article is a U.S. Government work
and is in the public domain in the USA. Q. J. R. Meteorol. Soc. 143: 1032–1046 (2017)
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Figure 2. Ts background-error correlation length-scales (shading, km) and standard deviation (contours with 0.05 ◦C interval) between ±60◦ latitudes. Values of
standard deviation range from zero over sea ice-covered regions to about 0.7 ◦C in regions of high variability, such as the Gulf Stream and Kuroshio Current regions.
Correlation length-scales vary between 400 and 900 km; land has been masked out.
on the assimilation of satellite observations, and withhold in situ
SST observations to passively monitor the OMB to diagnose any
systematic biases.
Satellite measurements in the IR (3.7–12µm wavelengths)
and MW (6–11GHz frequency) provide long-term, continuous
measurements of near-surface temperature (Donlon et al., 2007;
Castro et al., 2008; Hosoda, 2010). In GEOS-ADAS, analysis of
MWobservations in the SST relevant frequency range is currently
under development, and we do not consider them in this work.
AVHRR observations in the IR have been extensively used for
SST retrievals (May et al., 1998; Reynolds et al., 2007). Taking
advantage of their availability from the Environmental Modeling
Center (EMC), we added AVHRR Tb observations from both
NOAA-18 and Metop-A satellites to the GEOS-ADAS observing
system. Level 1B, global area coverage (GAC) ocean-only data
were obtained at a resolution of about 4km2; they include a cloud
mask and have information in three IR window channels (3B
centred around 3.7µm, and channels 4 and 5 at ≈ 11 and 12µm
wavelengths respectively). Due to solar contamination (Liang
et al., 2009), channel 3B (henceforth referred as channel 3)
daytime data is not used. The procedure for reading, spatial
thinning, observational scoring and quality control (QC) of the
data follows the treatment for any IR sounding observations
currently handled by GSI. Abundant precaution is taken to detect
clouds and to reject observations that are deemed to be affected
by them (Akella et al., 2016). Channel 3 is most sensitive to
skin temperature, therefore it has the most potential to drive the
Ts analysis increment. However, similar wavelength IR channels
(on other sensors) are currently inactive (i.e. not assimilated) in
the GEOS-ADAS and in general, it is challenging to assimilate
such observations because of the complexities in radiative transfer
modelling at such wavelengths (Chen et al., 2012). Nevertheless
we have attempted to conservatively assimilate observations from
this channel (as already mentioned, only at local night-time) by
having a smaller contribution to the 3D-Var cost function (and
its gradient), achieved by down-weighting the observational error
variance computed using the GSIQC procedure (Derber andWu,
1998; Akella et al., 2016). Approximately 36 000 observations are
available within a 6 h analysis window (in all three AVHRR
channels, and on both NOAA-18 and Metop-A satellites) after
thinning and scoring, about 35% observations are kept for
assimilation.
Due to errors in the satellite instruments and their calibration,
and also systematic errors in radiative transfer models, satellite
radiance data assimilation involves usage of a variational bias
correction (VarBC) procedure (Derber and Wu, 1998; Dee and
Uppala, 2009; Eyre, 2016). As all other satellite observations, the
AVHRR observations are also bias corrected using the VarBC.
The observational error standard deviation, σo is set to 0.60, 0.68,
and 0.72 K for channels 3, 4 and 5 respectively. These values are
chosen such that the AVHRR σo is lower than that specified for
other surface-sensitive IR observations.
3.3. Application of skin SST analysis increment
Using all the observations (regularly analyzed by GEOS-ADAS,
plus AVHRR) and background fields (section 3.1), we obtain
analyzed fields (Ts included). All analysis increments are applied
to theGEOS-AGCMusing the IAU approach (Bloom et al., 1996).
We apply the increments of upper-air and surface pressure fields
over all surface types (ice, land, water), but the Ts increment is
applied only over open ocean (where the fraction of water is equal
to 1).
4. Experimental set-up
The following additions to GEOS-ADAS:
(a) modelling of diurnal variations in SST in GEOS-AGCM,
(b) addition of AVHRR observations to the analysis system,
(c) usage of the analysis increment in skin SST by the AGCM,
are evaluated with the aid of the following experiments.
(i) CTL mimics the current quasi-operational configuration
of GEOS-ADAS with a 3D-Var DA. It uses OSTIA SST
for skin SST and AVHRR observations are not assimilated.
The analysis increment in Ts is ignored in the AGCM
integrations.
(ii) AVH is like the CTL, but it adds AVHRRdata fromNOAA-
18 and Metop-A to the analysis system. Here the model
continues to ignore the Ts analysis increment.
(iii) tSkin is similar to the CTL and does not assimilate AVHRR
data. But it has the skin SST model turned on. Therefore
the model produced diurnal warming and cool skin are
used to compute Ts, which is then used by the CRTM. The
Skin SST model used the KPAR (9) for computation of the
penetrating shortwave radiation. TheTs analysis increment
is ignored by the model.
(iv) Assim Kpar uses the skin SST model, configured as in
tSkin. In addition it assimilates the AVHRR observations.
The CRTM uses T(zob) (given by Eq. (10)) with the values
of zob for all IR and MW instruments given in Eq. (11).
Here the analysis increment in Ts is used by the AGCM
through IAU. This experiment, therefore, implements all
items (a)–(c) above.
(v) Assim Sol82 is like Assim Kpar, but uses the three-band
Soloviev (1982) short-wave absorption model instead of
the KPAR based SWPEN.
(vi) Assim PS81 is like Assim Kpar, but uses the modified
version of Paulson and Simpson (1981) nine-band short-
wave absorption model from Gentemann et al. (2009).
Published 2016. This article is a U.S. Government work
and is in the public domain in the USA. Q. J. R. Meteorol. Soc. 143: 1032–1046 (2017)
Monthly mean of  increment (ANA-BKG)  
12UTC (December, 2017) 
Increments: 
• very smo th 
• Long correl tions
Currently we use the 
deterministic  
analysis i crement 
o ly, because…
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HYBRID ANALYSIS FOR TS
Ensembles won’t fix this issue! 
An ensemble of analyzed ocean states (ocean model and analysis) 
if well constructed and affordable (eddy-resolving) 
could solve the problem! 
Climatological B is needed 
NMC Method? 
or, some other way…?
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HYBRID ANALYSIS FOR TS       NMC Method  
01/2018 (mon mean)
48-hour forecasts  
not available for 06, 18 UTC
High-variability (strong currents) 
is captured 
Diurnal variability is represented
H00 H12
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HYBRID ANALYSIS FOR TS OSTIA SST OI error   
01/2018 (mon mean)
Jan, 2018
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SUMMARY
Coupled Data Assimilation  
many challenges  
and many possibilities (strong/weak; iterations, cross-correlations, …) 
Interface states (skin SST, Salinity, sea ice) 
retrievals (of SST, Salinity, …) do not fully represent coupled processes  
need internal self-consistency 
must be part of coupled analysis 
Updates to the GEOS DAS 
includes analysis for skin SST along with upper-air 
the skin SST background error
Questions, Feedback, Suggestions
Thank You!
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